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Edited by Shou-Wei DingAbstract In vitro cultured embryogenic callus was employed as
a model to investigate microRNAs (miRNAs) associated with
embryogenesis and post-embryonic development. Thirty-one
miRNAs including 16 novel species were identiﬁed from a large
number of small RNAs which were cloned from both diﬀerenti-
ated and undiﬀerentiated rice embryogenic calli. Four target
genes of the miRNAs were further validated. A set of the mi-
RNAs, including miR397 and miR156, exhibited intriguing
expression patterns during the transition from undiﬀerentiated
to diﬀerentiated calli. By exploiting the correlations between
the diﬀerential expression patterns of these miRNAs and their
targets, the regulatory roles of the miRNAs on meristem main-
tenance and embryogenesis were indicated.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Rice1. Introduction
MicroRNAs (miRNAs) are single-stranded small RNAs of
22 nt in length that can downregulate gene expression in
both plants and animals [1]. Plant miRNAs function in post-
transcriptional gene regulation by targeting mRNA for degra-
dation or repression [1]. To date, a large number of plant
miRNAs have been discovered in diverse plant species by clon-
ing approaches [2–10], as well as by bioinformatic analyses
[11–17]. Recently, a group of novel miRNAs were identiﬁed
from specialized tissues such as developing xylem in Populus
trichocarpa [5]. These discoveries indicate that investigations
with specialized tissues may uncover miRNAs in speciﬁc bio-
logical processes.
The primary shoot and root apical meristems, established
during embryogenesis, play crucial roles in post-embryonic
development by self-renewing and producing new organs
[18]. Recently, genetic analyses suggest miRNAs may be
involved in meristem formation and diﬀerentiation, and*Corresponding authors. Fax: +86 20 84036551.
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doi:10.1016/j.febslet.2006.08.046embryogenesis. Mutations of some key genes associated with
miRNA biogenesis cause defects in embryogenesis and meri-
stem development. For example, suspensor1 (sus1), a mutant
allele of Dicer-Like 1 (DCL1), is defective in embryogenesis
since sus1 embryos undergoes programmed cell death at the
torpedo stage [6]. Moreover, many miRNA targets tend to
play indispensable roles in meristem identity and function
[1,19]. Thus, it is of interest to investigate the number of
miRNAs related to meristem division and diﬀerentiation,
and embryogenesis in plants, and what features these
miRNAs exhibit.
The identiﬁcation of miRNAs involved in these develop-
mental processes has however been hampered by diﬃculties
in sampling since meristem and embryo are localized in
restricted regions of plants. It is important to employ a trac-
table model for further study and in this respect, in vitro
cultured embryogenic callus might serve as a convenient
model system.
Embryogenic calli, derived from apical and lateral root and
shoot meristems, are regarded as homologues of these tissues,
which can be induced and cultivated on a large scale. In vitro
cultured embryogenic calli contain a mass of proembryogenic
cells that are small and densely cytoplasmed. When cultured
in appropriate media, embryogenic calli continue to proliferate
but remain in an undiﬀerentiated state. Undiﬀerentiated
embryogenic calli, a tumor-like mass of cells, are yellowish in
the dark. However, upon addition of suitable phytohormones
and exposure to light, they change into greenish diﬀerentiated
calli, leading to so-called somatic embryogenesis. Thus,
embryogenic calli provide a ﬂexible in vitro model system for
analyses of meristem development and embryogenesis in plants
[20,21].2. Materials and methods
2.1. Plant materials and growth conditions
Mature seeds of Japonica rice varieties Zhonghua 11 were dehulled
and surface sterilized with 75% ethanol and 1.5% sodium hypochlorite,
respectively. After being washed three times with sterile water, the ster-
ilized seeds were plated on Murashige and Skoog (MS) medium with
2 mg/L 2, 4-D (Sigma) and cultured in darkness at 25 C for 30 days.
The primary calli were then carried out on subculture MS medium
until embryogenic calli were induced. For induction of callus diﬀeren-
tiation, embryogenic calli were conducted on a diﬀerentiation MS
medium with 1 mg/L NAA (Sigma) and 3 mg/L 6-BA (Sigma) and then
transferred to a tissue culture room at 25 C under a 16-h-light/8-h-
dark photoperiod for 20 days.blished by Elsevier B.V. All rights reserved.
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Total cellular RNAs were extracted separately from sprout, seedling,
young panicle, young seed, undiﬀerentiated and diﬀerentiated calli of
joponica rice varieties Zhonghua11 using guanidine thiocyanate/phe-
nol–chloroform method [10]. Low-molecular-weight RNA was subse-
quently isolated by precipitation in PEG8000/NaCl as previously
described [10]. Cloning of miRNAs from diﬀerentiated and undiﬀeren-
tiated calli was performed as described [10,22].
2.3. Northern blot analysis
Total RNA was isolated from diﬀerent rice samples (sprout, seed,
seedling, panicle, diﬀerentiated and undiﬀerentiated calli). Blot hybrid-
ization analysis was performed as described [10] with some modiﬁca-
tions. Thirty micrograms of low-molecular-weight RNA was run on
denaturing 12% polyacrylamide gel, and then electrophoretically trans-
ferred to Hybond-N+ membranes (Amersham Biosciences), followed
by UV light irradiation for 4 min and baked at 80 C for 50 min.
The DNA probes complementary to small RNA sequences were 5 0-
end labeled with [c-32P]ATP. The membranes were pre-hybridized
for at least 1 h and then hybridized overnight at a temperature of
10–15 C below the calculated dissociation temperature (Td). After
being washed three times with washing buﬀer (2 · SSC, 0.5% SDS)
at 25–30 C, ﬁlters were exposed to a phosphor screen and visualized
by Typhoon 8600 imager (Amersham Biosciences).
2.4. 5 0 RACE
Total RNA was extracted from rice panicle and embryogenic calli.
Poly(A)+ mRNA was subsequently enriched using the Oligotex mRNA
Kit (Qiagen). 5 0 rapid ampliﬁcation of cDNA ends (5 0 RACE) was
carried out with use of GeneRacer Kit (Invitrogen) as described [9].
Brieﬂy, ﬁrst round PCR was performed with GeneRacer 5 0 primer
and gene-speciﬁc primer, followed by second round PCR with Gene-
Race 5 0 nested primer and gene-speciﬁc nested primer. The PCR prod-
ucts were gel-puriﬁed, cloned and sequenced.3. Results
3.1. MiRNAs cloned from rice embryogenic calli
Small RNAs with sizes of 19–25 nt were isolated from both
diﬀerentiated and undiﬀerentiated embryogenic rice calli. A
total of 681 insert-containing clones were randomly isolated
from the library and sequenced. Part of these sequences corre-
sponded to known non-coding RNAs such as rRNAs, tRNAs
and snRNAs. The remaining 437 unique sequences were
between 20 and 24 nt long, which were potential Dicer cleavageTable 1
The rice miRNAs newly identiﬁed from embryogenic calli
miRNA Sequence (50 ﬁ 30) Length (nt)
miR561 AUGUGCUAAAAAGUCAACGGUG (1) 22
miR562 CGUCAUCUCACAGGUGAAUCC (1) 21
miR564 AUGAAUGUGGGAAAUGUAAGAA (2) 21–22
miR565 UGAAUGUGAGAAAUGUUAGAAU (1) 22
miR566 UCAUAAGCCCACCACAUGUGG (1) 21
miR567 ACCGUUAGAUCGAGAAAUGGACGU (1) 24
miR569 GACGGACGGUUAAACGUUGGAC (1) 22
miR570 GGGUUAUGGAAUGGGUUUUACC (1) 22
miR573 CACUUCAUAGUACAACGAAUCU (1) 22
miR574 AAGGGGAUUGAGGAGAUUGGG (1) 21
miR576 GUGACAUAUUUUACUACAAC (1) 20
miR578 UCCAACUUGAGGCCCGAUUGAU (1) 22
miR580 AAUCCCUUAUAUUAUGGGACGG (1) 22
miR581 UCAGGUUAUAAGACUUUCUAGC (1) 22
miR583 CGGCCUCGUGGAUGGACCAGG (1) 21
miR584 AAGUCAUCAACAAAAAAGUUGAAU (1) 24
Sequences listed represent the longest miRNA identiﬁed in this study. Clonin
Chromosome positions are depicted. MiRNA location in the predicted hairp
Northen blotting are indicated with (+).products. We used the Mfold program to further assess the sec-
ondary structure of the genomic sequences surrounding the
above sequences [23]. Fifty-two of these sequences were capable
of forming hairpin structures and were regarded as putative
miRNAs. A sequence similarity search against the miRBase
(http://microrna.sanger.ac.uk/cgi-bin/sequences/browse.pl) re-
vealed that 15 sequences (belonging to 9 families) were either
identical or highly similar in sequence to the known rice
miRNAs (Supplementary Table 1). In addition, four individual
sequences of miRNA* (miR156b*, miR156g, c*, miR397b*,
miR528*) were detected in the cDNA library.
Of the remaining putativemiRNAs, 16with perfect stem-loop
precursor structures were further conﬁrmed by Northern blot
assays. These were considered to be bona ﬁde new miRNAs
and were named as follows: miR561, miR562, miR564, miR565,
miR566, miR567, miR569, miR570, miR573, miR574,
miR576, miR578, miR580, miR581, miR583, miR584 (Table
1; Fig. 1; Supplementary Fig. 1). The six remaining putative
miRNAs were only considered as miRNA candidates on ac-
count of their imperfect precursor structures despite having also
been detected byNorthern blot analysis (Supplementary Fig. 2).
Based on sequence similarity, miR564 and miR565 were classi-
ﬁed into the same miRNA family. Thus, the newly identiﬁed
miRNAs belonged to 15 families, corresponding to 61 loci in
the rice genome (Supplementary Table 2). Noticeably, all the
newly identiﬁed miRNAs are non-conserved between rice and
Arabidopsis, which is consistent with the recent reports that
most of the newly identiﬁed miRNA families are non-conserved
between species [5,9,14].3.2. Expression patterns of the miRNAs from rice calli
To investigate the expression of the cloned miRNAs in di-
verse rice tissues, Northern blot analysis was performed with
low-molecular-weight RNAs isolated from young seedlings
as well as other organs, including sprouts, young seeds and
panicles. In particular, we also employed undiﬀerentiated (yel-
lowish) and diﬀerentiated (greenish) embryogenic calli to show
the expression of the miRNAs in the diﬀerential transition of
embryogenic calli. The 28 miRNAs showed robust bands of
approximately 20–24 nt in length in at least one sample laneChr. Arm Northern blot
1,2,3,4,7,8,9,10,11 3 0 +
1,2,4 3 0 +
3 3 0 +
3,5,6,7,8,9,11,12 3 0 +
11 5 0 +
6,10,11 5 0 +
1,2,6,7,8 3 0 +
11 3 0 +
1,2 5 0 +
5,7 3 0 +
10 5 0 +
2 3 0 +
1,2,4,7 3 0 +
1,2,3,4,5,6,7,8,10 5 0 +
1,7,10 5 0 +
3,7,8 5 0 +
g frequencies are shown in parentheses behind the miRNA sequences.
in structure is speciﬁed (5 0 or 30 arm). All of the miRNAs conﬁrmed by
Fig. 1. Expression patterns of miRNAs cloned from rice embryogenic
callus. Total RNA isolated from sprout (Sp), young panicle (P), young
seed (Se), 3-week-old seedlings (S1), undiﬀerentiated callus (C1) and
diﬀerentiated callus (C2) was blotted and probed with end-labeled
oligonucleotides complementary to the miRNA. To control for
loading, blots were stripped and reprobed for the tRNA. (A) miRNAs
that are mainly expressed in embryogenic callus. (B) miRNAs that are
nearly ubiquitously expressed in all the tissues but abundantly
expressed in panicle and embryogenic calli. (C) miRNAs that are
mostly expressed in panicle.
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genic calli and some even exhibited embryogenic callus-speciﬁcexpression. According to the expression patterns, miRNAs
cloned from embryogenic calli can be categorized into three
groups: (1) miRNAs that are mainly expressed in embryogenic
calli (Fig. 1A): For instance, miR397 was highly and speciﬁ-
cally expressed in undiﬀerentiated embryogenic calli, whereas
it displayed very low expression levels in diﬀerentiated calli
and mature organs. In addition, some miRNAs exhibited a dif-
ferential pattern of expression during the transition from yel-
lowish to greenish calli. A case in point was miR156, which
was expressed in calli and preferentially upregulated from
undiﬀerentiated to diﬀerentiated calli. This set of miRNAs is
supposed to modulate the identity and the function of embryo-
genic calli. (2) miRNAs that show ubiquitous but varied
expression levels in almost all the tissues (Fig. 1B). Interest-
ingly, we noticed that many miRNAs in this group were highly
expressed in both panicle and embryogenic calli, suggesting
that they might regulate related gene expression in ﬂoral devel-
opment, callus maintenance, and somatic embryogenesis. In a
few cases, two bands were detected (for instance, miR528), the
larger band possibly resulting from cross-hybridization. (3)
miRNAs that express mainly in panicle (Fig. 1C). Compara-
tively, the expression levels of this group were low with the
exception of miR393. The low expression level of this group
of miRNAs might be due to their restricted expression in some
ﬂoral cell types. The majority of these miRNAs may be asso-
ciated with reproductive developments.3.3. High expression level of rice miRNA*
miRNA* is commonly thought to be the byproduct of Dicer
cleavage [1]. In rare cases, miRNA and miRNA* accumulate at
nearly the same frequencies in some animals, which is attributed
to equivalent stabilities at both 5 0 ends of miRNA andmiRNA*
[24,25]. In our cDNA library, four individual miRNA*
sequences (miR156b*, miR156g, c*, miR397b*, miR528*) were
detected. Strikingly, miR156* even appeared four times in the
library, whereas miR156 was merely cloned once (Supplemen-
tary Table 1). According to the previous model [24,25], of the
two strands of miRNA:miRNA* duplex, the one with the less
tightly paired 5 0 end will be more readily loaded to the RISC,
whereas the other strand will be degarded. Thus, G:C base pair-
ing in the 5 0 end is more tightly paired than that of A:U base
pairing. It is worth noting that the 5 0 ends of miR156,
miR397 and miR528 were A:U base pairs, while their corre-
sponding miRNA* sequences were overwhelming G:C base
pairs (Supplementary Fig. 3). Theoretically speaking, those
miRNA* sequences should not be strongly expressed. To our
surprise, miR156*, miR397*, miR528* were all expressed at
high levels (Fig. 1A and B). More interestingly, miR156* and
miR397* followed almost the same expression patterns of their
corresponding miRNAs, implying both strands of these du-
plexes were equally incorporated into the RISC. This result
indicates that the biogenesis of miRNAs, including RISC
assembly in plants, might diﬀer from that in animals.3.4. Prediction and validation of the newly identiﬁed rice miRNA
targets
Based on penalty scoring system for bulges and mismatches
in the target site, together with possible conservative targets in
another genome, Zhang developed an eﬃcient web server
named miRU for predicting plant miRNA target candidates
[26]. All newly identiﬁed rice miRNAs in this study were
Table 2
Target prediction of newly identiﬁed rice miRNAs
miRNA Target protein (s) Predicted functions
miR561 Os08g44450(2) L1P family of ribosomal protein
miR564 Os04g35260(1.5) Helicase associated domain
Os03g40600(2) Cytochrome P-450
Os03g54130(2) Cysteine protease
Os06g17390(2) Plant protein family
Os08g36840(1),
Os08g06500(1.5),
Osl0g04580(2),
Os05g41190(2),
Os12g14080(2)
Unknown protein
miR565 Osl0g39520(1) Mlo (pathogen resistance) protein
Os04g35260(1.5) Helicase associated domain
Os03g56930(1.5) New cDNA-based gene
Os04g49160(1.5) Zinc ﬁnger protein
Os02g44990(2) F-box domain protein
Os12g16290(1.5) Isoﬂavone reductase
Os03g40600(2),
Os03g54130(2)
Cytochrome P-450
Os06g17390(2) Plant protein family
Osl2g32610(1),
Os01g68230(1),
Os08g06500(1.5),
Os08g3 6840(1.5),
Os06g19990(1.5),
Os10g04580(1.5),
Os05g41190(1.5),
Os05g51140(2),
Os11g01870(2)
Unknown protein
miR569 Os03g22050(1) Protein kinase
Os03g12620(1),
Os04g33720(2)
Glycosyl hydrolases
Os12g09570(1) Chloroplast import receptor
Os03g24730(1),
Osl0g07340(1.5)
Unknown protein
miR573 Os06g48030(l) Peroxidase
miR574 Os05g40910(0.5) Unknown protein
miR580 Os09g36320(0) Serine threonine kinase
Os12g16350(0.5) Hydrolase
Os09g10710(1) ENT domain
Os12g16290(1) Isoﬂavone reductase
Os11g47160(1) Leucine Rich Repeat
Os03g47960(2) New cDNA-basegene
Osl0g42100(2) Pyruvate kinase
Os01g63880(0),
Os03gl5350(0),
Os07g40450(0),
Os09g24520(0.5),
Os06g05530(1),
Os06g11090(1),
Os01g12820(1.5),
Os08g29760(1.5),
Os05g03610(1.5),
Os06g38200(2)
Unknown protein
miR581 Os02g12800(0) Elongation factor
Os03g31180(0) Diacylglycerol kinase
Os02g07960(1.5) Strubbleig receptor family
Os09g39910(2) ABC transporter
Os03g29680(0),
Os08g38620(2)
Unknown protein
miR583 Os03g02010(1) DNA cytosine methyltransferase
For each predicted miRNA target, scores (62) are tallied in paren-
theses.
Fig. 2. Identiﬁcation of miRNA-guided cleavage products. 5 0 RACE
was performed to map the cleavage sites of miRNA targets. The
arrows in the diagram mark the cleavage sites. The numbers refer to
the frequency of clones. (A) Os01g59660, MYB transcription factor
gene. (B) Osl0g39520, Mlo disease resistance protein gene. (C)
Os09gl0710, ENT domain protein gene. (D) Os03g02010, DNA
cytosine methyltransferase gene.
5114 Y.-C. Luo et al. / FEBS Letters 580 (2006) 5111–5116submitted to miRU web server (http://bioinfo3.noble.org/
miRU.htm) with default parameters. When the score was at3 or lower, a total of 154 targets were identiﬁed to be feasible
targets for all 16 new rice miRNAs. With a score 62.5, the
number of possible targets reduced to 89. Adopting more strin-
gent scoring (62), we predicted 60 reﬁned potential targets for
9 miRNAs, which further minimized the number of false
targets (Table 2; Supplementary Table 3).
To investigate whether some important predicted targets of
the cloned miRNAs were authentic, and whether those targets
were cleaved in vivo, we performed 5 0 rapid ampliﬁcation of
cDNA ends (5 0 RACE) analysis. Targets of miR159a,
miR565, miR580 and miR583 were validated (Fig. 2; Supple-
mentary Fig. 4).
3.5. A novel genomic organization: miR583 is co-expressed with
a retrotransposon
Interestingly, we noticed that a putative retrotransposon
gene (Osl0gl2460, about 2.2-kb in full transcript) lay in 0.2-kb
downstream of miR583c, suggesting that this retrotransposon,
together with miR583c, are derived from a common transcript
precursor (Fig. 3A). RT-PCR analysis further conﬁrmed the
existence of this transcription unit (Fig. 3B), characteristic of
a novel genomic organization of miRNA. More interestingly,
miR583 was validated to target a DNA cytosine methyltrans-
ferase (Table 2; Fig. 2D), which is essential to RNA-directed
DNA methylation (RdDM) in plants [27]. Indeed, DNA meth-
ylation is one of the defensive mechanisms to repress excessive
activity of transposable elements [28]. With these data, it is
tempting to infer that the activity of this retrotransposon will
be promoted when the transcription unit is expressed, which
in turn suppresses DNA methylation by post-transcriptional
gene silencing of DNA cytosine methyltransferase.4. Discussion
Embryogenic calli, which mainly contain a set of homoge-
neous pluripotent cells, are thought to be proliferations of mer-
Fig. 3. MiR583c is co-expressed with a retrotransposon. (A) MiR583c
and a retrotransposon gene cluster within a 2.6 kb region on
chromosome 10 in rice. Solid boxes represent stem-loop precursor of
miRNA and retrotransposon transcript. Mature miRNAs are shown
as the white part of the solid boxes. Arrows depict the orientations of
miRNAs and the retrotransposon. S1 and S2 are sense RT-PCR
primers, and R is reverse primer. (B) Expression of the dicistronic
primary transcript detected by RT-PCR. The RT-PCR was performed
with total RNA from rice young panicle. +RT and RT refer to
presence and absence, respectively, of reverse transcriptase in the RT-
PCR analysis.
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embryogenesis in embryogenic calli are consistent with those
biological processes in vivo. By exploiting correlations between
the expression patterns of miRNAs from embryogenic calli
and their targets, we are able to show possible eﬀects of miR-
NAs on meristem development and embryogenesis mechanism
in plants.
Some miRNAs, including miR397 and miR398, are almost
speciﬁcally expressed in embryogenic callus (Fig. 1A). They
may be involved in maintaining the cell in a meristematic state.
Previous studies have shown that the expression level of
miR397 is very low in mature organs such as leaf, ﬂower,
and stem [8,12]. Surprisingly, in our study, miR397 expression
is found to be strongly and almost speciﬁcally expressed in
undiﬀerentiated embryogenic calli, indicating that this miRNA
might be important in silencing genes in meristematic tissues
(Fig. 1A). miR397 has been validated to target laccases, a
group of polyphenol oxidases [8,12]. In higher plants, laccases
are associated with ligniﬁcation and thickening of cell wall in
secondary cell growth [29]. Undiﬀerentiated embryogenic calli
are made up of undiﬀerentiated parenchyma cells with thin cell
wall, sharing similar characters with primordial meristems. We
suggest that the strong expression of miR397 in proembryo-
genic cells results in downregulation of laccase genes, which
may be vital to maintain embryonic cells in a thin-wall and
meristematic state. On the other hand, low expression level
of miR397 permits accumulation of laccases, leading to the lig-
niﬁcation of cell walls in meristematic to mature cell transition.
Notably, the expression levels of some miRNAs (for exam-
ple, miR319 and miR156) show distinct changes during the
transition from undiﬀerentiated to diﬀerentiated calli when so-matic embryogenesis occurs (Fig. 1A and B), suggesting these
miRNAs may be related with embryogenesis. A case in point is
miR156 which shows the most conspicuous expression in rice
embryogenic calli. More importantly, miR156 exhibits an
increasing level of expression during the transition from undif-
ferentiated to diﬀerentiated calli, but in panicle it is nearly
undetectable (Fig. 1A). According to a previous study, the tar-
get of miR156 is SQUAMOSA promoter binding protein
(SBP) domain [19], which is capable of inducing the ﬂoral tran-
sition earlier and consequently shortening the vegetative phase
[30]. Overexpression of miR156 causes a delay in ﬂowering
[31], suggesting that miR156 could be a negative regulator of
SBP-domain proteins. Our results support this hypothesis
and further imply that high expression of miR156 in vegetative
meristem can inhibit the SBP-domain proteins, accelerate
embryogenesis, and subsequently switch vegetative organ mor-
phogenesis.
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